Barley yellow dwarf (BYD) is one of the most important wheat diseases in the state of Kansas. Despite the development of cultivars with improved resistance to BYD, little is known about the impact that this resistance has on yield loss from the disease. The intent of this research was to estimate yield loss in winter wheat cultivars in Kansas due to BYD and quantify the reduction in losses associated with resistant cultivars. During seven years, BYD incidence was visually assessed on numerous winter wheat cultivars in replicated field nurseries. When grain yields were regressed against BYD incidence scores, negative linear relationships significantly fit the data for each year and for the combined dataset covering all seven years. The models showed that, depending upon the year, 19-48% (average 33%) of the relative yields was explained by BYD incidence. For the combined dataset, 29% of the relative yield was explained by BYD incidence. The models indicated that cultivars showing the highest disease incidence that year had 25-86% (average 49%) lower yield than a hypothetical cultivar that showed zero incidence. Using the models, the moderate level of resistance in the cultivar Everest was calculated to reduce yield loss from BYD by about 73%. Therefore, utilizing visual BYD symptom evaluations in Kansas coupled with grain yields is useful to estimate yield loss from the disease.
SIGNIFICANCE OF BARLEY YELLOW DWARF
Barley yellow dwarf (BYD, Fig. 1 ) is caused by strains of the Barley yellow dwarf virus (BYDV) and Cereal yellow dwarf virus (CYDV) of the Luteoviridae family. The disease is capable of producing significant yield losses in several different crop species including wheat (Triticum aestivum L.) . It is considered one of the most economically important virus diseases of cereal crops in the world (Burnett 1984 , Lister and Ranieri 1995 , Plumb 1983 ). In the state of Kansas, it is the fourth most important wheat disease in terms of average estimated yield losses (Appel et al. 2013) .
The virus particles have an icosahedral shape and encase a single-stranded, positive RNA genome. The virus is phloem limited within the host plant and it cannot be transmitted without the aid of its hemipteran vector (Gildow 1987, Jensen and D'Arcy 1995) . The serotype most common to Kansas agronomic cereal crops is PAV, although the closely related RPV strain of CYDV is also common (Bockus, unpublished data) . Both of these species are transmitted by either the bird cherry-oat aphid (Rhopalosiphum padi) or the greenbug (Schizaphis graminum) (Power and Gray 1995) .
BYD symptoms can vary depending on the host; however, even within a host such as wheat, symptoms can differ widely among cultivars. Visual foliar symptoms can vary between yellow leaf discolorations ( Fig. 1) to oranges, reds, and purples. They begin at the leaf tip and spread toward the leaf base, particularly on the flag leaves (McKirdy and Jones 1996) . Stunting and a decrease in kernel size and kernel number per head can occur, leading to an overall decrease in yield in the infected plants (Herbert et al. 1999 , Hoffman and Kolb 1998 , Weisz et al. 2005 . The stunting symptom is usually associated with early infections of the wheat plant by the pathogen.
BYDV is thought to over-season in native perennial grasses and volunteer host plants which are considered to be the main viral/vector reservoir (Jones et al. 1990, McKirdy and Jones 1993) . The virus is often spread in the fall when viruliferous aphid species fly or are blown from the reservoirs into winter wheat fields at emergence (McKirdy and Jones 1996) . Infection can also occur in the spring; however, those are significantly less important than the ones that occur in the fall (Goulart et. al 1989) .
Yield has been shown to be greatly reduced when wheat is infected with BYDV. When comparing symptomatic with adjacent nonsymptomatic sites of winter wheat and barley in Virginia, BYD significantly reduced tiller height, head number, seed number, number of seed per head, 1000 seed weight, and yield (Hoffman and Kolb 1998) . Seed number, number of seed per head and yield were reduced the most with yield reduced by 34%. Additionally, the amount of BYDV titer in wheat was shown to be directly correlated with the amount of resistance; resistant lines had significantly less titer (Balaji et al. 2003) . In the southeastern United States, researchers stated that data on BYD yield losses were sparse; however, they indicated that there were serious problems in many years due to the virus (Gray et al. 1998) . Grain yield was shown to be decreased by 46% in BYDinfected wheat and 58% when wheat was infested with R. padi and simultaneously infected with BYDV (Riedell et al. 1961) . In a different study, researchers concluded that yield had been decreased by a total of 34% in the host (Herbert et al. 1999) . In a 1990 report, regional yield losses in wheat in the United States due to the viruses were estimated at between 2% and 10% (Patterson et al. 1990 ). In summary, there are numerous reports that point to the BYD viruses' capacity to cause 30-60% loss in wheat plants and up to 10% loss across large regions.
The purpose of this study was to estimate yield loss due to barley yellow dwarf in winter wheat cultivars in Kansas. Preliminary reports indicated 22-39% loss due to BYD in susceptible winter wheat cultivars in Kansas (Bockus 1994 , Bockus 1997 . However, many cultivars that are grown in the state have some level of resistance to BYD. There are no reports of how that resistance affects the yield loss. Therefore, this research sought to fill that gap and involved a novel method to estimate BYD yield loss for winter wheat cultivars in Kansas. BYD incidence ratings for numerous cultivars were collected over the course of seven years and regressed against their grain yields in replicated disease nurseries. Although many parameters can affect grain yields (inherent yielding ability, response to abiotic stresses, response to other diseases), the hypothesis was that, given enough data points, grain yield would be negatively associated with BYD incidence. Furthermore, if that is true, the resulting model equations could be used to calculate the impact that resistance has on yield loss from BYD.
PHENOTYPING WHEAT FOR REACTION TO BYD
All experiments were conducted at the Plant Pathology Rocky Ford Experimental Field located near Manhattan, Kansas. The soil type at that location is a silty clay loam (pH = 6.5) and all experiments were sown in an area that had been fallowed the year before. A total of seven experiments were conducted beginning in 2005 through 2013 (Table 1) . Data from 2007 and 2009 were not available; therefore, those years were not included in the analyses. Each experiment used a randomized complete block design with five replications with 24-48 entries each year. A total of 160 winter wheat cultivars or advanced breeding lines were used in these experiments; however, the cultivars varied year to year (Table 1) . Resistant and susceptible checks were included in each experiment and were selected based on the Kansas State University Cooperative Extension ratings . Ratings were on a 1-to-9 scale with 1 being highly resistant and 9 being highly susceptible. Resistant checks were those that had a rating of 4 and the susceptible checks were those with a rating of 9.
The field plots consisted of single rows, each 2.3 m in length and 50 cm apart in all directions. On average, the planting date occurred two or three weeks early for northeastern . Early planting facilitates BYD spread to winter wheat due to increased aphid presence and subsequent feeding at higher temperatures. Grain was harvested with a plot combine at the normal time for the region. To verify the species of virus present each year, several leaves were collected from the plot area after heading and subjected to Enzyme-Linked Immunosorbent Assay (ELISA) to test for the PAV species of BYDV and RPV species of CYDV. PAV was the dominant species each year but RPV was also detected. These are the two species that are most common in wheat in Kansas with only trace amounts of other species detected (Bockus, unpublished data) .
RATING DISEASE INCIDENCE
Infection by BYDV occurred due to the natural activity of various aphid species (mostly the bird cherry-oat aphid, Rhopalosiphum padi) and was promoted by an early planting date. Disease incidence was visually observed and recorded weekly beginning after heading and ending at the onset of normal wheat senescence. At each rating date, the percentage of tillers with leaf symptoms (Fig. 1 ) was visually estimated for each plot. Fungicide treatments were used when needed to prevent leaf senescence from foliar diseases (leaf rust and tan spot). When foliar fungicides were used (2005, 2008, 2010, 2012) , they were applied at the early heading growth stage. Folicur 3.6F (38.7% tebuconazole) was applied at a rate of 292 ml/ha in 187 liters of water per hectare with a back-pack sprayer equipped with flat fan nozzles.
Disease incidence ratings were averaged to determine the mean for each wheat entry. Mean grain yields for each entry were also calculated. For each experiment, mean incidence values were regressed against mean grain yield using the SAS statistical software (SAS Institute Inc., Cary, NC). To combine data across all seven years, incidence data were transformed by expressing them as a percentage of the entry showing the highest incidence and mean grain yields were expressed as a percentage of the test average yield. Scatter graphs were constructed showing the linear model fit to the data. Using the linear regression equations for each experiment, the potential yield loss for an experiment was estimated by comparison of the calculated yield of the entry showing the highest disease incidence with the calculated yield for a hypothetical entry that showed zero disease incidence (Yintercept). Data across all experiments were combined to produce an overall model for relative grain yield regressed against relative incidence of BYD.
DISEASE PRESSURE IN PHENOTYPING NURSERIES
There was significant BYD pressure in the nurseries each year as indicated by the relatively high percentage of wheat plants displaying symptoms on susceptible cultivars (Fig. 2) . Depending on the year, the most susceptible cultivars displayed between 29 and 83% incidence. A continuum of BYD incidences, from relatively high to relatively low, was observed among cultivars for each year (Fig. 2) . Some of the more resistant cultivars displayed less than 10% incidence, less than 20% of the symptoms seen on the susceptible cultivars in that experiment. The ELISA results showed that an average of 76% of the symptomatic plants had detectable BYDV or CYDV while none of the non-symptomatic plants had detectable virus. BYDV and CYDV are phloemlimited, low-titer viruses and the double-antibody sandwich ELISA technique only detects about 75% of known positives (Bockus, unpublished data) . In spite of the number of false negatives, it is clear that BYD was the disease that was being rated and not some other disease or abiotic disorder.
INCIDENCE CORRELATED WITH GRAIN YIELDS
For each of the seven years, data were incorporated into plots of the percentage symptomatic plants (X-axis) and the grain yield (g/plot, Y-axis) (Fig. 2) . Linear regression models of these relationships significantly fit the data for all seven years ( Table 2 ). The coefficients of determination (R 2 ) ranged from 0.1924 in 2011 to 0.4788 in 2008 indicating that BYD disease incidence values explained about 19 to 48% of the yield in these experiments. The P-values were highly significant (P < Table 2 .
USING DISEASE VERSUS YIELD MODELS
The linear equations for each year were used to calculate the difference in yield between a cultivar that displayed the highest incidence that year (most susceptible cultivar) with the yield of a hypothetical cultivar that was displaying zero symptoms (the Y intercept value). To obtain an estimate of the yield of this Truman  TAM 112  ---43  ---TAM 203  ---44  ---TAM 304  ---45  ---Tarkio  ---46  ---Truman  ---47  ---Wesley  ---48 ---Winterhawk ---* Moderately resistant check cultivars.
hypothetical cultivar necessitated extending the model beyond the range of the dataset. However, because the extension was so small, the linear model would still be highly accurate. Using these differences obtained from the models, yield losses were calculated and are shown in Table 2 . Data from all years could not be directly combined because each year had a different grain yield potential and there were differing ranges of the percentages of symptomatic plants. Therefore, to allow combining of data across years, data were transformed by expressing yields as a percent of the test average for that year and BYD incidence as a percent of the highest-rating susceptible cultivar for that year. A graph was then created to compare relative grain yields with relative percent symptomatic plants across all the years (Fig. 3) . Results from the combined data set displayed a highly significant (P < 0.0001) linear relationship. A linear model was fit to the data and used as described above to calculate hypothetical yield loss for the data set combined over all seven years (Table 2) . Using this equation, cultivars showing the highest disease incidence would be expected to have 48.9% less yield than a hypothetical cultivar that showed zero incidence.
HISTORICAL WAYS TO MEASURE YIELD LOSS
Yield losses in wheat due to BYD have been determined using several different methods. Some of these involve comparing yields of symptomatic areas and adjacent, non-symptomatic areas (Herbert et al. 1999) , maintaining disease-free checks (Weisz et al. 2005) , or using artificial inoculation methods (Hoffman and Kolb 1998, Perry et al. 2000) . With these techniques, large yield losses have been measured. For example, McKirdy and Jones (1996) measured up to 43% loss, Hoffman and Kolb (1998) up to 36%, Perry et al. (2000) up to 35%, Herbert et al. (1999) up to 34%, and Weisz et al. (2005) up to 32%. Clearly, BYD can have a significant impact on wheat yields. In fact, for individual cultivars in some years, losses can exceed 60% (Bowen et al. 2003) . Similar losses (22-49%) have been reported for susceptible Table 2 Linear regression models for seven years of barley yellow dwarf incidence regressed against grain yield and for a data set combined over all seven years c Relationship between incidence of barley yellow dwarf and grain yield. d Equation describing the trend line for incidence of barley yellow dwarf regressed against grain yield. e Calculated from the incidence of the cultivar with the highest incidence that year compared with a hypothetical cultivar that had zero incidence.
FIGURE 3
Relative incidence of barley yellow dwarf regressed against relative grain yield for the combined data set for 2005, 2006, 2008, 2010, 2011, 2012, and 2013 .
FIGURE 2
Incidence of barley yellow dwarf regressed against grain yield for ( winter wheat cultivars in Kansas (Bockus 1994 , Bockus 1997 . However, the research reported here is the first use of visual disease phenotypic data, coupled with grain yields from many cultivars, to estimate yield losses. Disease incidence (percentage of tillers expressing symptoms) was the method used to evaluate BYD in these experiments. Although some studies have shown a poor relationship between BYD incidence and yield (Carrigan et al. 1981 , Hoffman and Kolb 1998 , Weisz et al. 2005 , results presented here showed a consistent, statistically significant relationship. Even within the citations listed above, there were years when symptom expression was negatively correlated with yield (Hoffman and Kolb 1998) ; therefore, there are environments where the association between these parameters is significant. Kansas appears to regularly be one of those environments because there was a significant relationship in each of the seven years of these experiments. Another difference between the studies cited above and this one is that data from 160 wheat cultivars and breeding lines and seven years (264 cultivar/years) went into our analyses compared with a relatively small number of cultivars in the earlier studies (11 or less). With such a large number of disease ratings correlated with yields, we were able to establish that barley yellow dwarf incidence can be useful to predict winter wheat yield losses in Kansas in virtually every year.
Other studies have also shown a significant negative linear relationship between BYD incidence and grain yield (Banks et al. 1995 , McKirdy et al. 2002 , Perry et al. 2000 . Nevertheless, there were important differences between the previous experiments and the current ones. Only a few cultivars were used in the previous experiments (6, 1, and 3, respectively) while 160 cultivars and breeding lines were used in our experiments. Additionally, the earlier studies used ELISA to detect the presence of the virus to estimate incidence while the current experiments used visual symptoms. Although it has been reported that visual symptoms underestimate the actual incidence of virus in plants (Hoffman and Kolb 1998) , they were shown to be useful indicators of the impact that the virus has on yield under the environmental conditions in Kansas. Each method of determining BYD incidence has its own virtues. The use of ELISA or PCR would be the most accurate because the presence of the virus and virus titer are being measured in each plant. However, those methods are laborious and may not be able to be utilized in breeding nurseries where there are large numbers of plots. Visual assessment of disease incidence, such as used here, is rapid and can be used in breeding nurseries where there are large numbers of entries. Furthermore, symptoms would be assumed to be a better reflection of the damage that the disease has caused than virus presence.
As noted above, there are reports that BYD incidence may not be correlated with grain yield and visual symptoms can underestimate actual virus incidence in plants. For that reason, researchers have used artificial inoculations or seed-treatment and foliar insecticides to obtain "healthy" checks to determine yield loss (Hoffman and Kolb 1998 , McKirdy and Nutter 2002 , Weisz and Kolb 2005 . While those methods have merit, they are costly or require much effort. For example, to artificially inoculate some plots with viruliferous aphids necessitates maintaining aphid colonies feeding on BYDV-infected plants and controlling the spread of aphids from inoculated plots to non-inoculated ones. Additionally, high levels of control of aphid transmission using seed-treatment and foliar chemicals can be difficult to achieve. In Kansas, treatment of seeds with insecticides results in about 50% control of BYD in some years (Bockus 1994 , Bockus 1997 ) but can also give no significant control in other years Bockus, unpublished data) . That method alone would not allow accurate assessment of the impact of BYD on grain yields in Kansas. To achieve "healthy" check plots in that state can require seed-treatment insecticides coupled with up to nine applications of foliar insecticides . Such elaborate methods to achieve "healthy" checks are often not feasible for breeding and disease-evaluation nurseries. However, the methods used here are more conducive to recurrent selection and BYD phenotyping experiments.
IMPACT OF RESISTANCE ON YIELD LOSS
Visual assessments of the incidence of BYD symptoms have proven to be useful in Kansas to help produce cultivars with improved levels of resistance to this important disease. Using this technique, the winter wheat cultivar Everest was developed and released in 2009 (Fritz et al. 2010) . Because of selection for reduced BYD symptom expression, Everest is rated a 4 on the KSU Extension 1-to-9 scale, where 1 is highly resistant and 9 is highly susceptible De Wolf 2013, De Wolf et al. 2013) . That moderate level of resistance was a major factor in the rapid grower adoption of Everest and it is now the number one cultivar grown in Kansas. Using equations of the models generated here, Everest is calculated to have an average of 7.8% yield loss during the 4 years it was included in these experiments (2010) (2011) (2012) (2013) . During those same 4 years, the most susceptible cultivar had an average of 28.5% loss. Therefore, the resistance in Everest is estimated to have reduced yield loss from BYD by about 73% relative to more susceptible cultivars. In conclusion, the linear models developed here have utility in Kansas to: (i) consistently quantify potential BYD yield losses in Kansas; (ii) help develop cultivars with resistance to BYD; and (iii) quantify the impact that improved levels of resistance has on yield loss from BYD.
